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Introduction
With ongoing forest fragmentation and losses, the seed dispersal of some tropical plants is 23 becoming increasingly hampered as populations of large seed dispersal agents are declining 24 and their movements are being restricted (Corlett 2002) . This is of concern for overall forest 25 diversity as the dispersal of seeds away from the parent organism is an essential strategy used 26 by plants to find suitable establishment sites of reduced competition, herbivore or pathogen 27 attacks (Howe and Smallwood 1982 primates and terrestrial herbivores (Howe 1986; Stiles 2000; Corlett 2014 ). Provided the 33 seeds can survive the consumption process, frugivorous animals, particularly the large-sized 34 animals, can disperse seeds over wide distances (Seidler and Plotkin 2006) . Among large 35 herbivores, elephants are noteworthy in playing a prominent role in maintaining tree diversity 36 in forest ecosystems. With a diet comprising more than 350 different plant species, African 37 forest elephants (Loxodonta cyclotis) consume the broadest spectrum of fruits of all extant 38 elephant species (Blake 2002) while Asian elephants (Elephas maximus) reportedly forage on 39 around 100 different plant species (Sukumar 1989 Hence, the range of plant species consumed by elephants varies greatly across geographic 43 regions as do their daily travel and, therefore, potential seed dispersal distances (Sukumar 44 1989) . Forest elephants in Ivory Coast have been reported to cover 1-15 km / day, for an 45 average of about 6 km / day (Theuerkauf and Ellenberg 2000) whilst in northern Congo their 46 travel distance varied between 2 and 22 km / day (Blake 2002) . However, the actual distances 47 over which elephants can disperse seeds can be much larger, especially for large seeds, which 48 can take several days to pass through the digestive tract (Powell 1997) . Notably, travel and 49 dispersal distances of up to 57 km over a period of three days have been recorded for 50 elephants in the Congo (Blake et al. 2009 ). The maximum dispersal distance for Asian 51 elephants varies with geographical conditions and can range from an estimated 4 -6 km in 52
Myanmar and 46 -54 km in India, with 50% and >80% of seeds being dispersed over 1 km 53 distances from their origins, respectively (Campos-Arceiz et al. 2008b; Sekar et al. 2015) . 54
This implies that both African and Asian elephants could potentially disperse seeds over 55 distances as large as 54 -57 km. In tropical forests such distances are much larger than the 56 maximum dispersal distances of other seed dispersers. Distances can be more than seven 57 times longer than the maximum dispersal distance for black-casqued hornbills (Ceratogymna 58 atrata) in West Africa and about 43 times longer than the maximum recorded dispersal 59 distance for gibbons (Hylobates mulleri x agilis) in Borneo (Holbrook and We selected six female elephants for our feeding trials, ranging in age from 6 to 35 years and 148 in body weight from 2.9 to 3.5 tons. All elephants were born in captivity with the exception of 149 the oldest one, for which no data were available. Elephants were seasonally allowed to range 150 in a nearby forest with some restrictions, but not at the time of our experiments. Their normal 151 diet of mainly grasses and various other feeds (e.g. bamboo, sugarcane, bananas) was 152 maintained during the feeding trials. The animals were regularly checked by the foundation's 153 veterinarian and were in good health. We offered the animals ripe D. indica fruits ad libitum. 154
The elephants were fed one at a time to facilitate a detailed monitoring of their defecation 155 time and to ensure enough manpower was available to retrieve all the dung and seeds. Before 156 being fed to the elephants, the fruits were weighed and the number of seeds they contained 157 dung through a 2-mm wire mesh with water hoses. In the evenings, elephants were brought to 160 a barn or to resting grounds. We collected the dung defecated in the nighttime in the early 161 morning and assigned all seeds retrieved the mean time between when we stopped and 162 resumed monitoring. We then dried the collected seeds and stored them in labeled paper 163 envelopes for planting within one week of their collection date. We stopped dung collection 164 when no further seeds were found in the dung over the course of at least 12 consecutive hours. 165 166
Germination trials 167
We counted seeds extracted from elephant dung and planted them in 2l pots with commercial 168 potting soil at a nursery shaded with shadow nets. Five seeds were planted per pot and pots 169 were regularly watered. We sequentially planted the seeds retrieved from the different study GPT categories plus 50 fresh and non-ingested control seeds. In aggregate, 1200 seeds were 184 planted. A total of 300 seeds were planted for the first GPT category plus another 300 seeds 185 for the control treatment. We planted 410 seeds for the second GPT period while for the last 186 GPT category, only 190 seeds were available due to the fast digestion of some elephants. Half 187 of all the seeds planted in each of the three GPT categories were planted in pot soil only and 188 the other half in combination with elephant dung. For the latter, the lower half of the pot was 189 filled with pot soil and the upper half was filled with elephant dung, in which the seeds were 190 placed. Germination and appearance of the first true leaves were monitored at least three 191 times per week for a period of six months. We stopped monitoring 45 days after the last seed 192 in a pot had germinated and no further germination event had occurred. 193 In addition to the single seed germination experiments, we planted two sets of whole fruits in 194 two subsequent years. In the first year, we half-buried the fruits but recorded no germination 195 success. In the second year we simply placed another 20 fruits on the ground, but 196 unfortunately the experiment was interrupted by heavy rains and flooding before any for multiplicity using simulation adjustment (simulated P-values). We performed log-rank and 241
Wilcoxon test, respectively, to test the significance of the association of the germination 242 variable with covariates (category of seeds, dung treatment and planting date of seeds). These 243 tests were conducted by pooling over any defined strata, thereby adjusting for the stratum 244 variables, and were carried out using the SAS LIFEREG procedure (SAS Institute 2016). 245
If T i is a random variable denoting the germination time and C i1 , D i2 , and t i3 are covariates 246 denoting the gut passage time category (0,1,2,3), dung treatment (0= without dung, 1= with 247 dung) and planting date (0, 6, 13, 20, 27, 33 days from the start of the experiment) for the i th 248 seed in the sample, then the model for the association between the germination time and the 249 three covariates fitted by the LIFEREG procedure is 250 251
where ε i is a random error term and the βs and σ (scale) are parameters to be estimated. The Germination times were significantly longer for the control (80%), short (29%), and medium 287 (26%) categories, than for the long GPT category (Table 1; Fig. 2) . Similarly, control seeds 288 had longer expected germination times than seeds in the short (Z = 5.24; SE = 0.0642; P < 289 0.0001), medium (Z = 5.96; SE = 0.0603; P < 0.0001) and long (Z = 8.16; SE = 0.0720; P < 290 0.0001; Fig. 2, supplementary data 4) GPT categories. Dung treatment (yes, no) and planting 291 date (0, 6, 13, 20, 27, 33 days from the start of the experiment) had highly significant 292 associations with germination time as shown by the nonparametric Wilcoxon and log-rank 293 tests (P < 0.0001; supplementary data 5 and 6). Results of the LIFEREG procedure of SAS 294 (SAS Institute 2016) provided evidence that GPT ( = 72.6, P < 0.0001), dung treatment ( 295 = 62.5, P < 0.0001) and date of planting ( = 140.9, P < 0.0001) strongly influenced 296 germination time (supplementary data 7). The parameter estimates of the regression 297 coefficients showed that the expected germination time is [100 × (1 -e -0.3567 )] = 30% 298 significantly longer for seeds treated with dung than for the untreated seeds (Table 1, Fig.3 ). 299
The same applies to the median (or any other percentile) time to germination. 300
301
The percent increase in the expected germination time for each one unit increase in the 302 planting date is expressed as [100 × (e 0.02505 -1)] = 2.54%. This implies that each additional 303 day that passes before the seeds are planted is associated with a 2.54% increase in the 304 expected time to germination, given that the other covariates are held constant. This temporal 305 influence on germination was likely due to the changing climatic conditions over seven 306 months, with longer dry periods in between. 307 308 4. Discussion 309
Faster germination time for elephant-ingested seeds 310
In addition to the study of Sekar et al. (2015) in India, we used a larger sample size of 311 elephants and experimentally evaluated the influence of elephant dung itself on seed 312 germination. Furthermore, we propose and apply a different approach to analyzing 313 germination data by using statistical methods for survival analysis to reduce the potential bias 314 associated with censoring the time to germination of seeds. Our results show that D. indica 315 benefits from being eaten, although it does not solely depend on elephants for germination 316 (i.e., a large number of seeds also germinate without being eaten). Surviving post-germination 317 is yet another challenge and the faster germination time for seeds ingested by elephants can be 318 expected to be beneficial if it substantially reduces the risk of seed destruction by post 319 dispersal predators (Schupp 1993 Elephants remove significantly more fruits than other animals such as bovids, macaques and 381 rodents but all of these species were able to access the seeds once the mesocarp had softened 382 (Sekar and Sukumar 2013) . While removal does not necessarily lead to dispersal, rodents, for 383 example, are known to store seeds, thereby sometimes contributing to dispersal (Forget et al. 384 2002; Hulme 2002; Vander Wall 2002) . Also macaques can serve as effective seed dispersers 385 but in several cases have negative impacts on germination and viability of some species 386 depending on the temporal context (Albert et al. 2013; Tsuji 2014). Domestic bovids, on the 387 other hand, are able to disperse a great number of seeds for some species as well, but do not 388 reach the seed dispersal capacity of elephants (Sekar et al. 2015) . 389 Our results show that D. indica does not solely depend on but seems to benefit from being 408 eaten by elephants as ingested seeds were significantly more likely to germinate and to do so 409 earlier than non-ingested control seeds. With this study we contribute to the understanding of 410 the effects of Asian elephants' frugivory which has been much less researched than that of 411 
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